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Abstract
Background: Social-environmental influences can affect animal cognition and health. Also, human socio-economic status is
a covariate factor connecting psychometric test-performance (a measure of cognitive ability), educational achievement,
lifetime health, and survival. The complimentary hypothesis, that mechanisms in physiology can explain some covariance
between the same traits, is disputed. Possible mechanisms involve metabolic biology affecting integrity and stability of
physiological systems during development and ageing. Knowledge of these relationships is incomplete, and underlying
processes are challenging to reveal in people. Model animals, however, can provide insights into connections between
metabolic biology and physiological stability that may aid efforts to reduce human health and longevity disparities.
Results: We document a positive correlation between a measure of associative learning performance and the metabolic
stress resilience of honeybees. This relationship is independent of social factors, and may provide basic insights into how
central nervous system (CNS) function and metabolic biology can be associated. Controlling for social environment, age,
and learning motivation in each bee, we establish that learning in Pavlovian conditioning to an odour is positively
correlated with individual survival time in hyperoxia. Hyperoxia induces oxidative metabolic damage, and provides a
measure of metabolic stress resistance that is often related to overall lifespan in laboratory animals. The positive relationship
between Pavlovian learning ability and stress resilience in the bee is not equally established in other model organisms so far,
and contrasts with a genetic cost of improved associative learning found in Drosophila melanogaster.
Conclusions: Similarities in the performances of different animals need not reflect common functional principles. A
correlation of honeybee Pavlovian learning and metabolic stress resilience, thereby, is not evidence of a shared biology that
will give insight about systems integrity in people. Yet, the means to resolve difficult research questions often come from
findings in distant areas of science while the model systems that turn out to be valuable are sometimes the least
predictable. Our results add to recent findings indicating that honeybees can become instrumental to understanding how
metabolic biology influences life outcomes.
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Introduction
Childhood psychometric (IQ) scores correlate with age at death
[1–3] and can, statistically, predict mortality with a strength
similar to that of smoking [4]. Covariance of psychometric scores
and longevity is explained by complex inter-related factors, such
as socio-economic status, education, health behaviour, disease
factors and illnesses, as well as pre- and postnatal privations
[2,3,5,6]. Yet, IQ-longevity relationships can remain largely
intact when markers of fetal development (birth weight) and
early-life conditions (parental social status) are taken into account
during statistical processing of data [2,4]. Such patterns of
persistence led to the debated claim (e.g. [3,7,8]) that a fraction of
covariance in cognition-survival correlations is explained by
physiological ‘systems integrity’, a poorly understood factor
[2,5,9].
Systems integrity encompasses functional reserve capacity and
metabolic robustness [4,9,10]. The former refers to the capacity to
maintain brain function during degenerative processes. The latter
to the ability to maintain metabolic stability despite induced
oxidative damage. Mechanisms of longevity, and the physiology of
central nervous system (CNS) function, ageing, and frailty, are
much-studied in genetic workhorses Caenorhabditis elegans, Drosoph-
ila, and mice, where some mutants maintain youthful levels of
CNS function at advanced ages [11–13]. However, positive
correlations between early-life performance of CNS computational
processes, such as learning, and physiological stability or survival
are generally not measured in prior studies (reviewed by Burger
and coworkers [13], see also citations [14–16]). In Drosophila,
furthermore, the strongest correlated response to artificial selection
for improved associative learning is shorter lifespan — revealing a
negative genetic link between learning ability and survival [13].
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lifespan may ultimately benefit efforts to reduce health and
longevity disparities between people [17–19]. However, studies
motivated by IQ-longevity relationships are debated and difficult
to justify. At the same time, it is uncertain whether variables
related to early-life CNS computational task performance, such as
learning, are positively correlated with survival in the laboratory,
and whether these connections can be generalized to model
animals. Here, we directly address the latter questions by studying
a relationship between a measure of associative learning
performance and metabolic stress resilience in the honeybee (Apis
mellifera).
Social effects have strong influences on honeybee life outcomes
[20–24]. Individuals that are largely identical genetically can be
very different phenotypically, as exemplified by the reproductive
division of labour between sister queens (primary egg-layers) and
workers (essentially sterile female helpers), and in the social
division of labour between workers that move between behav-
ioural roles: nursing, nest building, guarding, colony defence, and
foraging [20]. CNS function differs between workers, as measured
in laboratory learning and memory retention tests (see citations
[25,26] for recent reviews). In such tests, the individual bee learns
to respond to stimuli (olfactory, tactile, visual), and shows different
memory forms [27–30]. Worker longevity also varies greatly, from
weeks to months, and is partly contingent on social role as nurse
bees can generally outlive foragers—in the colony as well as in
laboratory confinement (reviewed by Amdam and co-workers
[31,32]). Such differences in worker survival correlate with the
bees’ resistance to laboratory-induced oxidative stress, a test of
metabolic stress resilience that nurse bees can endure longer than
foragers [32–34].
The opportunity to quantify these variables in honeybees led us
to examine whether Pavlovian learning ability can be positively
correlated with survival during oxidative insult.
Results and Discussion
We obtained adult worker bees from single-cohort colonies
(N=4), a method that provides animals of known (same) age and
social role (see Materials and Methods). To control for social role,
we chose a single well-defined behavioural group — nurse bees
(young caregivers)—and quantified individual associative learning
performance using a well-established procedure for Pavlovian
olfactory learning [35]. Nurse bees were trained to a conditioned
stimulus (CS) — an odour — which was associated with a sucrose
reward (unconditioned stimulus, US). Gustatory responsiveness
was determined prior to training as a control for individual
motivational state; this responsiveness conveyed the subjective
value each animal placed on the US, the sucrose reward [29].
Learning ability was scored on an integer scale from 0 (poorest
score) to 5 (best score). Thereafter, individual metabolic stress
resilience was measured as survival time in 80% O2 (hyperoxia).
Hyperoxia induces oxidative stress, metabolic damage, and
features of premature senescence in model animals [36–38]. This
reproducible approach gives a measure of metabolic stress
resistance, a variable that often is related to lifespan of model
organisms [36,39], as shown in honeybees [32–34].
Pavlovian learning ability and metabolic stress resilience
By comparing all animals with data on learning ability (learning
categories 0–5) and subsequent survival time in hyperoxia
(between 4–100 h, N=390), we found a modest but significant
positive correlation between individual associative learning
performance and longevity (Pearson’s correlation; R=0.11,
P=0.036, N=390). This pattern was consistent throughout the
experiment, and repeatable between independent replicate setups
(visualized as mean plots of survival times, Figure 1A). Accord-
ingly, poor learning ability would be a predictor of short survival
time in hyperoxia, while good learning performance would be
associated with higher resilience and extended survival. We tested
the robustness of this connection by excluding bees with mid
performance scores in learning (N=49, learning categories 2–3),
thereby strictly comparing workers with the poorest and best
Figure 1. A positive association between Pavlovian learning
ability and survival time in worker honeybees. (A) Average + S.E.
survival time (h) in hyperoxia (80% O2) of honeybees with poor (black
bars) vs. good (green bars) associative learning ability. Bees were
collected in equal numbers from four single-cohort colonies assembled
from ,24 h old bees (see Materials and Methods). The four colonies
were prepared as two pairs, independent Replicate 1 and 2, which were
set up one week apart. During the course of the experiment, each
replicate pair was tested twice; when bees were 18–22 day-olds (from
Replicate 1 during sample week 1 (W1) and from Replicate 2 during
W2), and when bees were 32–36 day-olds (from Replicate 1 during W3
and from Replicate 2 during W4). In hyperoxia, the survival time of
workers with poor performance (learning score 0–1) was shortened
compared with the bees that had performed better in Pavlovian
learning (scores 4–5). Sample sizes inside bars. (B) Proportional survival
probability during the time course of metabolic insult in hyperoxia,
summing over the workers shown in panel A (N=341). Learning ability
and metabolic stress resistance are positively connected. Compared to
the individuals with poor learning scores (N=84), bees that did well
in associative learning (N=257) showed significantly higher propor-
tional survival (greater metabolic stress resistance) throughout the
experiment.
doi:10.1371/journal.pone.0009740.g001
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correlation remained significant (R=0.15, P=0.007, N=341).
Next, we used proportional hazard statistics to contrast the
survival data from the poorest learners (scores 0–1) toward the
bees with the best performance (scores 4–5). This analysis
confirmed that associative learning ability was a significant
predictor of longevity during laboratory-induced metabolic stress
in hyperoxia (Cox’s Regression; x
2=7.259, P=0.007, N=341;
Fig. 1B).
By using poor vs. good learning in Pavlovian conditioning to an
odour (learning categories 0–1 vs. 4–5) as the predictor of survival
time in hyperoxia, we could establish that the relationship between
honeybee learning ability and metabolic stress resistance persisted
when variance from social environment (colony) and age at testing
were controlled for (MANOVA; F=7.03, P=0.008, N=341).
This analysis showed that the social environment did not influence
the bees’ longevity in hyperoxia (F=2.09, P=0.102), while their
age at testing had a positive effect on survival that was independent
of learning performance (F=13.00, P=0.0004, see also
Figure 1A). A comparable response was identified by Seehuus
and co-workers [33], who measured increased oxidative stress
resistance in mid-aged nurse bees compared with younger bees.
Similarly, we used nurse bees in our experiment (Materials and
Methods). Seehuus and co-workers attributed the effect of nurse
bees’ age to vitellogenin, a multifunctional antioxidant protein that
can accumulate over time in nurse bees [23,31,40,41]. This
physiological factor may also explain the effect of age in our study.
Finally, we went back to the full dataset (N=390) to test
whether the positive association between Pavlovian learning ability
and subsequent survival time in hyperoxia also influenced the
olfactory acquisition (learning) curves of the worker bees. We
contrasted the workers that died during the first half of the survival
experiment (#50 h in hyperoxia, N=135) to bees that died during
the second half (.50 h in hyperoxia, N=255). Plotting the two
curves revealed that the increase in conditioned responses was
steepest after the initial conditioning trial and then gradually
levelled out for both groups (Figure 2). After the second trial,
however, the learning curve increased significantly more steeply
for workers that survived .50 h in hyperoxia (ANCOVA, one
sided test; F=4.41, P=0.038, N=390); and this group also
reached higher plateau levels of acquisition (89% in the 6
th and
final trial) in comparison to those surviving #50 h in hyperoxia
(77%, Figure 2). These results suggest that faster learning after the
initial conditioning trial and a higher level of final memory
acquisition characterised the workers with the highest resistance to
metabolic stress.
Gustatory responsiveness and metabolic stress resilience
Our control data on individual responsiveness to sucrose
identified a positive correlation between the gustatory responsive-
ness score and learning score of the bees. This association was
significant in the full dataset (Pearson’s correlation; R=0.33,
P,0.001, N=390) as well as when the workers with the mid
performance scores (learning categories 2–3) were excluded
(Pearson’s correlation; R=0.36, P,0.001, N=341). This result
corroborated a general finding: bees that place a high subjective
value on sucrose rewards often perform better in reward learning
[29,42]. The same result was conveyed by plotting the learning
curves of bees with lower gustatory responsiveness (did not
respond to sucrose at #0.1% in H2O, N=63) toward those with
higher gustatory responsiveness (did respond to sucrose at #0.1 in
H2O, N=327). From the first conditioning trial, the acquisition
curve increased significantly more steeply for bees with higher
gustatory responsiveness (ANCOVA, one sided test; F=56.14,
P,0.001, N=390, Figure 3). Thus, a larger percentage of these
workers (91%) showed the conditioned response in the final trial
compared to the group with lower gustatory responsiveness
(0.65%, Figure 3). Faster learning and a higher level of final
memory acquisition, accordingly, characterised the bees with
higher gustatory responsiveness.
Although responsiveness to sucrose was a predictor of learning
performance, and learning performance was a predictor of survival
during induced metabolic damage, the bees’ appraisal of sucrose
Figure 2. Olfactory learning in worker honeybees with
different metabolic stress resilience. Acquisition (learning) curves
for the proportion of worker bees that showed conditioned responses
to an odour (CS) in each of six conditioning trials. Learning was
quantified by the bees’ proboscis extension response (PER), which was
monitored during every presentation of the odour. Bees that after the
conditioning experiment survived #50 h (black line, N=135) vs. .50 h
(green line, N=255) in hyperoxia (80% O2) are graphed separately. See
text for details on statistics.
doi:10.1371/journal.pone.0009740.g002
Figure 3. Olfactory learning in worker honeybees with
different gustatory responsiveness. Acquisition (learning) curves
for the proportion of bees that showed conditioned proboscis
extension response (PER) to an odour in six conditioning trials. Bees
with different responsiveness to sucrose are graphed separately. Low
responsiveness (black line, N=63) refers to worker bees that did not
respond to sucrose at #0.1% in H2O; High responsiveness (green line,
N=327) refers to bees that did respond to sucrose at #0.1% in H2O. See
text for details on statistics.
doi:10.1371/journal.pone.0009740.g003
Learning and Stress Resilience
PLoS ONE | www.plosone.org 3 March 2010 | Volume 5 | Issue 3 | e9740rewards did not similarly explain longevity in hyperoxia. This lack
of association was seen in the full dataset (R=0.070, P=0.167,
N=390) as well as when the workers with mid performance in
learning (scores 2–3) were excluded (R=0.058, P=0.285,
N=341). The pattern was consistent between our replicate setups
(Figure 4A). We also used proportional hazard statistics to contrast
bees with lower vs. higher gustatory responsiveness (did not vs. did
respond to sucrose at #0.1% in H2O, respectively). The analysis
confirmed that sucrose responsiveness did not predict survival time
in hyperoxia (Cox’s Regression; x
2=1.001, P=0.464, N=341;
Figure 4B).
From these results, we inferred that the variance in learning
ability that correlates with metabolic stress resistance in worker
bees is independent of the variance that is explained by the bees’
subjective motivation to learn. In other words, only a fraction of
variation in learning is explained by gustatory responsiveness [29].
Here, this proportion of explained variance, R
2, was 10.89%
(R=0.33; N=390, above), which leaves much variation in
learning to be explained by factors other than sucrose responsive-
ness. Our results suggest that one or more of these latent factors,
which affect learning but not motivation, can influence metabolic
stress resilience — causing learning scores and survival times to
correlate independent of the gustatory responsiveness of the bees.
Conclusions
Our work establishes that in young caregiver (nurse) honeybees,
individual performance in Pavlovian olfactory learning is positively
associated with metabolic stress resistance measured in hyperoxia.
This finding exemplifies that a positive correlation between early-
life CNS function and a variable related to organismal survival can
be detected in, and perhaps generalized to, a laboratory animal.
While the correlation between learning in Pavlovian condition-
ing to an odour and subsequent survival time in hyperoxia was
modest in our worker bees (Pearson’s correlation: R=11 for the
full dataset; R=15 with mid performance values excluded, above),
a Pearson’s analysis of correlation between childhood IQ and age
at death, similarly, gave only R=0.18 for 722 human subjects [2].
Thus, our results are statistically significant and in line with the
interpretation that positive associations between variables related
to CNS computational task-performance (in our case associative
olfactory learning) and longevity are moderate.
Bees have rich and quantifiable learning and memory
repertoires [25,26], are amenable to functional genomic research,
and provide the best-studied social invertebrate system to date
[32,43]. In this model, genotype, social environment, social
history, behaviour, workload, nutrition, physiology, and health
can be controlled [32,43–45]—helping us identify and understand
mechanisms that affect life-history. Such experiments already
propose that life outcomes in social insects can be strongly
influenced by metabolic biology [46,47].
Similarities in patterns of test performance between different
organisms need not reflect common functional principles [48], yet
it is also difficult to predict which models will become the most
valuable for addressing and understanding unresolved challenges
in research [49]. Many more studies will need to be conducted
before we fully grasp how honeybees can best contribute toward




The experiments were performed in Spring 2009 at Arizona
State University in Tempe AZ, USA, and utilized four single-
cohort colonies [50,51]. Each single-cohort colony was assembled
with one egg-laying queen and several thousand workers. Within
every colony, all workers belonged to one age-cohort. This
demography was achieved by collecting honeybee combs with
mature brood from a set of nine donor colonies. The combs were
placed in an incubator overnight at 33uC in a relative humidity
(RH) of 65–70%. The next morning, newly emerged bees (0–24 h
old) were collected from the incubator and marked on the thorax
with paint (Testors
TM) for identification.
Two genetic sources were donors of newly emerged bees: i)
genetically diverse wild type stocks from four colonies headed by
openly mated queens of Californian commercial origin, and ii) a
standard research stock maintained by instrumental insemination,
using five colonies headed by queens inseminated with 1–2 drones
Figure 4. The gustatory responsiveness of honeybee workers is
not associated with metabolic stress resistance. (A) Average +
S.E. survival time (h) in hyperoxia (80% O2) of bees with low (black bars)
vs. high (green bars) gustatory responsiveness (not responding vs.
responding to sucrose at #0.1% in H2O, respectively). Bees were
collected from four single-cohort colonies that were prepared as two
pairs one week apart (Replicate 1 and 2). Each replicate pair was tested
when bees were 18–22 day-olds (from Replicate 1 during sample week
1 (W1) and from Replicate 2 during W2), and when bees were 32–36
day-olds (from Replicate 1 during W3 and from Replicate 2 during W4).
Gustatory responsiveness failed to show a consistent relationship to the
bees’ subsequent survival time in hyperoxia. Sample sizes inside bars.
(B) Proportional survival probability during the time course of
metabolic insult in hyperoxia, summing over the workers shown in
panel A (N=341). Gustatory responsiveness and metabolic stress
resistance are not associated. See text for statistics.
doi:10.1371/journal.pone.0009740.g004
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the single-cohort colonies, but all sampled bees came from the
standard research stock, which has a well-documented and broad
distribution of learning behaviour [52,53].
The four colonies were prepared as two separate pairs for
independent replication of our experiment. The first paired
colonies (Replicate 1) each contained 2,700 wild type workers
plus 2,300 bees of standard stock. The second paired colonies
(Replicate 2) were assembled with 3,400 wild type workers plus
3,000 bees of standard stock.
Sampling and handling
For experimental Replicate 1, collections were performed in
calendar week 20 (bees aged 18–22 days old) and 22 (bees aged
32–36 days old). Sampling for Replicate 2 took place during
calendar weeks 21 (18–22 day-olds) and 23 (32–36 day-olds).
These staggered collections provided two replicates of age-
matched bees. Collections started at 7 AM, and only marked
bees of the standard stock that demonstrated typical nursing
behaviour (inserting their heads into cells containing larvae) were
retrieved from the colonies. The nurse bees were placed into
7.063.563.5 cm plastic tubes containing a moist paper towel and
brought to the laboratory (,5 min transit time). There, bees were
incubated at 4uC until movement was reduced. Next, they were
mounted onto individual plastic holders, and affixed with
removable tape behind the head and across the thorax (Supporting
Figure S1A). After restraining, the bees were fed 2 ml of 30%
sucrose solution before being starved for 2 h at 37uC, 65–70%
RH.
Quantification of gustatory responsiveness
After the 2 h starvation period, gustatory responsiveness [54,55]
was measured by the proboscis extension response (PER). Bees
were observed for PER while being stimulated with H2O, followed
by six sucrose solutions (sucrose in H2O) in an ascending order
(0.1%, 0.3%, 1%, 3%, 10%, 30%) at a minimum interval of 2 min
between trials. Thereafter, bees were assigned a gustatory response
score (GRS) that totalled the number of times PER was observed
throughout the seven trials. The maximum GRS of 7 indicated
that bees responded to all sucrose concentrations and H2O (high
gustatory responsiveness). In contrast, bees with a GRS of 0 did
not respond to any of the seven stimuli. GRS provides a measure
for the subjective value that the bee places on sucrose solutions,
which are later used as rewards in the associative learning
paradigm (see below). Thus, via GRS quantification, we ensured
that only bees that responded to a reward (and thus could be
rewarded) were trained [42,56].
Quantification of associative learning ability
Because we used 30% sucrose solution as reward [42,56], only
bees that showed a PER response to a solution of at least 30%
sucrose were allowed to participate in the associative learning
assay. Over the course of the study, 48 bees did not respond to
30% sucrose and were thus not trained. As olfactory stimuli [35],
2 ml of each of two odours (carnation and cineole) were applied to
separate pieces of filter paper, which were then placed into two
different 10 ml syringes (BD Luer-Lock
TM Tip). Each bee was
initially stimulated for 6 sec directly to the antennae with
approximately 6 ml of the carnation odour, which served as the
conditioned stimulus (CS) during associative conditioning (see
below). Thereafter, the alternative odour (cineole) was adminis-
tered in the same manner. Bees that responded spontaneously to
either odour were omitted (N=57), as we could not validate
learning for individuals whose response to the CS was spontaneous
prior to conditioning [42].
During conditioning, each bee was subjected to six CS reward
pairings with an approximate inter-trial interval of 15 min. During
every trial, bees were stimulated with 6 ml of carnation odour
applied directly to their antennae for 6 sec. Using a GilmontH
syringe, the final 3 ml of the CS was paired with 1 ml of 30%
sucrose reward for 3 sec in order to form an association between
the two [42]. For each trial, those bees who displayed PER to the
odour stimulus prior to the introduction of the reward were
recorded as positive, while the bees that did not respond prior to
reward were noted as negative for PER.
Following the six conditioning trials, we performed a retention
test where the specific CS memory of the worker bees was
evaluated. The bees were first presented with cineole (the
alternative odour), and then CS without reward. The outcome
was not associated with survival time in hyperoxia: Longevity was
the same whether bees demonstrated specific CS memory (did not
respond to alternative odour, N=304) or not (responded to
alternative odour, N=86, Student t-test; t=20.022, P=0.983,
Supporting Figure S2).
Bees that responded to the final CS without reward were given a
learning score ranging from 1 to 5, reflecting the total number of
conditioning trials in which PER was observed minus the number
of responses to the alternative odour (this number was 0 for 304
bees and 1 for 86 bees, above). The learning score, thereby, took
into account how precise the learning was. Bees that did not
respond to the final CS without reward and had not responded to
any of the prior six conditioning trials were given a learning score
of 0. Finally, the few bees that responded in all or some
conditioning trials but did not respond to the final CS presentation
without reward were omitted (N=14), as we could not validate the
learned association in them (details in [42]).
For all trials, bees were placed in front of a neutral air stream
approximately 8 sec before and after odour stimulation. A
minimum of 5 min passed between trials to prevent habituation
effects [42]. The general activity of each bee was also monitored in
every trial to ensure that all animals remained healthy.
Survival in hyperoxia
Bees that completed the olfactory conditioning test and received
a measure of learning ability (learning scores 0–5) were placed in
hyperoxia to monitor survival capability. Hyperoxia induces
features of premature senescence in many laboratory systems,
and can provide a reproducible test of metabolic stress resistance
that often, but not without exception [39,57], is relevant to lifespan
in a general way [36–38]. Bees were housed in 1.5 ml Eppendorf
tubes that had two holes on top and an opening at the bottom for
animal waste (Supporting Fig. S1B). The experimental bees were
kept in an incubator (HERAcell O2/CO2, Thermo Scientific) with
a constant 80% O2 concentration; incubator temperature was
34uC and RH averaged 6362%. A standard diet of 1.5 g of
ground pollen per 30 ml of 30% sucrose solution was administered
twice per day into a pipette tip that rested in one of the holes atop
the Eppendorf tube (Supporting Fig. S1B). The other hole was left
unobstructed for breathing.
Survivorship censuses took place four times daily: 7–8 AM; 1–2
PM; 6–7 PM; 11 PM–12 AM until the last bee was observed dead.
As needed, alive bees were transferred to fresh tubes in order to
prevent bacterial and/or fungal growth. Individuals that were
likely harmed during routine transfers were excluded. Individual
lifespans were calculated as the number of hours spent in
hyperoxia prior to observed death.
Learning and Stress Resilience
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The datasets on associative learning, gustatory responsiveness
and survival time in hyperoxia conformed to Levene’s and
Bartlett’s tests of equal variance and parametric statistics were used
[58]. The relationships between learning ability, gustatory
responsiveness, and survival were tested with Pearson’s correla-
tions, and investigated further with the Proportional hazard (Cox)
regression, which we have applied to bee survival data in previous
studies [23,59]. One-sided analysis of covariance (ANCOVA) for
comparison of regression curve slopes was used to test differences
between olfactory learning [58]. Log-linear transformation was
tested but the outcome was similar to raw data (for bees surviving
#50 h vs. .50 h in hyperoxia: F=3.79, P=0.046; for bees not
responding vs. responding to sucrose at #0.1% in H2O: F=21.18,
P=0.002). Thus, results from the untransformed dataset were
reported. To control for variance linked to social environment
(different single-cohort colonies) and age at testing (18–22 vs. 32–
36 days old), we utilized Main effect ANOVA (MANOVA) with
learning ability, colony, and age-group as categorical predictors of
survival. This reporting was preferred over the Cox regression
with colony or age-group as stratifying variables, because the Cox
regression model does not allow the input of three predictors. Yet,
the significant effect of learning performance on survival capability
persisted even in the stratified Cox regression analyzes in which
colony or sampling age were controlled for separately (x
2=4.678,
P=0.031; x
2=4.738, P=0.030, respectively, N=341). The
relationship between the binary outcome of the retention test
(bees demonstrating specific CS memory, or not) and the survival
time in hyperoxia was tested with a Student t-test using survival
time as the dependent variable. All analyses performed in
Statistica 6.0 (StatSoft).
Supporting Information
Figure S1 (A) Worker honeybee prepared for testing of
Pavlovian learning ability. The restraint holder is custom-made
from Plexiglas, and the bee was affixed with straps of tape. After
quantification of gustatory responsiveness and learning, the straps
were removed and the bee was released unharmed. (B) Worker bee
in the modified Eppendorf tube design used in our assay of survival
capability in hyperoxia. The lid has holes for feeding and air-
exchange. The end of the tube is cut open and sealed with cotton
to absorb animal waste.
Found at: doi:10.1371/journal.pone.0009740.s001 (10.12 MB
TIF)
Figure S2 Relationship between the outcome of the retention
test, where bees were monitored for specific CS memory, and
survival time in hyperoxia (80% O2). Bars are averages + S.E. for
survival time (hours). Specific CS memory for the conditioned
stimulus (carnation) was measured after olfactory conditioning by
presenting the bees with an alternative odour (cineole) one time.
No (zero) proboscis extension response (PER) to the alternative
odour demonstrated specific CS memory. The performance in the
retention test was not associated with survival time in hyperoxia
(Student t-test; t=20.022, P=0.983). Sample sizes inside bars.
Found at: doi:10.1371/journal.pone.0009740.s002 (0.01 MB TIF)
Acknowledgments
We thank C. Ozturk and O. Kaftanoglu for assistance in the apiary, and L.
Harshman, T. Flatt, B. Smith and D. Mu ¨nch for helpful comments.
Author Contributions
Conceived and designed the experiments: GVA. Performed the experi-
ments: EF NB. Analyzed the data: GVA. Contributed reagents/materials/
analysis tools: GVA BR. Wrote the paper: GVA BR.
References
1. Jokela M, Elovainio M, Singh-Manoux A, Kivimaki M (2009) IQ, socioeco-
nomic status, and early death: The US National Longitudinal Survey of Youth.
Psychosom Med 71: 322–328.
2. Whalley LJ, Deary IJ (2001) Longitudinal cohort study of childhood IQ and
survival up to age 76. Bmj 322: e819.
3. Hemmingsson T, Melin B, Allebeck P, Lundberg I (2009) Cognitive ability in
adolescence and mortality in middle age: a prospective life course study.
J Epidemiol Community Health 63: 697–702.
4. Deary I (2008) Why do intelligent people live longer? Nature 456: 175–176.
5. Batty GD, Deary IJ, Gottfredson LS (2007) Premorbid (early life) IQ and later
mortality risk: systematic review. Ann Epidemiol 17: 278–288.
6. Kanazawa S (2008) IQ and the health of states. Biodemography Soc Biol 54:
200–213.
7. Ramsden E (2007) A differential paradox: the controversy surrounding the
Scottish mental surveys of intelligence and family size. J Hist Behav Sci 43:
109–134.
8. Jokela M, Batty GD, Deary IJ, Gale CR, Kivimaki M (2009) Low childhood IQ
and early adult mortality: The role of explanatory factors in the 1958 British
birth cohort. Pediatrics 124: e380–e388.
9. Hall PA, Dubin JA, Crossley M, Holmqvist ME, D’Arcy C (2009) Does
executive function explain the IQ-mortality association? Evidence from the
Canadian study on health and aging. Psychosom Med 71: 196–204.
10. Batty GD, Gale CR, Mortensen LH, Langenberg C, Shipley MJ, et al. (2008)
Pre-morbid intelligence, the metabolic syndrome and mortality: the Vietnam
Experience Study. Diabetologia 51: 436–443.
11. Murakami H, Bessinger K, Hellmann J, Murakami S (2005) Aging-dependent
and -independent modulation of associative learning behavior by insulin/insulin-
like growth factor-1 signal in Caenorhabditis elegans. J Neurosci 25: 10894–10904.
12. Bartke A (2005) Minireview: role of the growth hormone/insulin-like growth
factor system in mammalian aging. Endocrinology 146: 3718–3723.
13. Burger JM, Kolss M, Pont J, Kawecki TJ (2008) Learning ability and longevity: a
symmetrical evolutionary trade-off in Drosophila. Evolution 62: 1294–12304.
14. Mery F, Kawecki TJ (2005) A cost of long-term memory in Drosophila. Science
308: 1148.
15. Mery F, Kawecki TJ (2004) An operating cost of learning in Drosophila
melanogaster. Anim Behav 68: 589–598.
16. Mery F, Kawecki TJ (2003) A fitness cost of learning ability in Drosophila
melanogaster. Proc Royal Soc B 270: 2465–2469.
17. Finch CE (1990) Longevity, senescence and the genome. Chicago: University of
Chicago Press. pp 67–72.
18. Sloan FA, Ayyagari P, Salm M, Grossman D (2009) The longevity gap between
black and white men in the United States at the beginning and end of the 20th
century. Am J Public Health 100: 357–363.
19. Espinoza SE, Hazuda HP (2008) Frailty in older Mexican-American and European-
American adults: is there an ethnic disparity? J Am Geriatr Soc 56: 1744–1749.
20. Winston ML (1987) The Biology of the Honey Bee. Cambridge MA: Harvard
University Press. pp 296.
21. Huang Z-Y, Robinson GE (1996) Regulation of honey bee division of labor by
colony age demography. Behav Ecol Sociobiol 39: 147–158.
22. Huang Z-Y, Robinson GE (1992) Honeybee colony integration: Worker-worker
interactions mediate hormonally regulated plasticity in division of labor. Proc
Natl Acad Sci USA 89: 11726–11729.
23. Amdam GV, Rueppell O, Fondrk MK, Page RE, Nelson CM (2009) The
nurse’s load: early-life exposure to brood-rearing affects behavior and lifespan in
honey bees (Apis mellifera). Exp Gerontol 44: 467–471.
24. Smedal B, Brynem M, Kreibich CD, Amdam GV (2009) Brood pheromone
suppresses physiology of extreme longevity in honeybees (Apis mellifera). J Exp
Biol 212: 3795–3801.
25. Giurfa M (2007) Behavioral and neural analysis of associative learning in the
honeybee: a taste from the magic well. J Comp Physiol A 193: 801–824.
26. Menzel R, Leboulle G, Eisenhardt D (2006) Small brains, bright minds. Cell
124: 237–239.
27. Roussel E, Carcaud J, Sandoz JC, Giurfa M (2009) Reappraising social insect
behavior through aversive responsiveness and learning. PLoS ONE 4: e4197.
28. Scheiner R, Arnold G (2010) Effects of patriline on gustatory responsiveness and
olfactory learning in honey bees. Apidologie 41: 29–37.
29. Scheiner R, Kuritz-Kaiser A, Menzel R, Erber J (2005) Sensory responsiveness
and the effects of equal subjective rewards on tactile learning and memory of
honeybees. Learn Mem 12: 626–635.
30. Scheiner R, Barnert M, Erber J (2003) Variation in water and sucrose
responsiveness during the foraging season affects proboscis extension learning in
honey bees. Apidologie 34: 67–72.
Learning and Stress Resilience
PLoS ONE | www.plosone.org 6 March 2010 | Volume 5 | Issue 3 | e974031. Amdam GV, Omholt SW (2002) The regulatory anatomy of honeybee lifespan.
J Theor Biol 216: 209–228.
32. Muench D, Amdam GV, Wolschin F (2008) Physiological and cognitive aging in
honey bees: robustness, plasticity and molecular regulation. Func Ecol 22:
407–421.
3 3 .S e e h u u sS C ,N o r b e r gK ,G i m s aU ,K r e k l i n gT ,A m d a mG V( 2 0 0 6 )
Reproductive protein protects sterile honey bee workers from oxidative stress.
Proc Natl Acad Sci USA 103: 962–967.
34. Corona M, Velarde RA, Remolina S, Moran-Lauter A, Wang Y, et al. (2007)
Vitellogenin, juvenile hormone, insulin signaling, and queen honey bee
longevity. Proc Natl Acad Sci USA 104: 7128–7133.
35. Bitterman ME, Menzel R, Fietz A, Scha ¨fer S (1983) Classical conditioning of
proboscis extension in honeybees (Apis mellifera). J Comp Physiol 97: 107–119.
36. Douglas RM, Haddad GG (2008) Can O2 dysregulation induce premature
aging? Physiology 23: 333–349.
37. Klimova TA, Bell EL, Shroff EH, Weinberg FD, Snyder CM, et al. (2009)
Hyperoxia-induced premature senescence requires p53 and pRb, but not
mitochondrial matrix ROS. FASEB J 23: 783–794.
38. Darr D, Fridovich I (1995) Adaptation to oxidative stress in young, but not in
mature or old, Caenorhabditis elegans. Free Radic Biol Med 18: 195–201.
39. Mockett RJ, Bayne AC, Kwong LK, Orr WC, Sohal RS (2003) Ectopic
expression of catalase in Drosophila mitochondria increases stress resistance but
not longevity. Free Radic Biol Med 34: 207–217.
40. Amdam GV, Norberg K, Hagen A, Omholt SW (2003) Social exploitation of
vitellogenin. Proc Natl Acad Sci USA 100: 1799–1802.
41. Amdam GV, Ihle KE, Page RE (2009) Regulation of honey bee (Apis mellifera) life
histories by vitellogenin. In: Pfaff D, Arnold A, Etgen A, Fahrbach S, Rubin R,
eds. Hormones, Brain and Behavior. 2 ed. San Diego, CA: Elsevier Academic
Press.
42. Behrends A, Scheiner R, Baker N, Amdam GV (2007) Cognitive aging is linked
to social role in honey bees (Apis mellifera). Exp Gerontol 42: 1146–1153.
43. Robinson GE, Grozinger CM, Whitfield CW (2005) Sociogenomics: Social life
in molecular terms. Nat Rev Genet 6: 257–270.
44. Toth AL, Robinson GE (2005) Worker nutrition and division of labour in
honeybees. Anim Behav 69: 427–435.
45. Weinstock GM, Robinson GE, Gibbs RA, Weinstock GM, Weinstock GM, et al.
(2006) Insights into social insects from the genome of the honeybee Apis mellifera.
Nature 443: 931–949.
46. Alaux C, Sinha S, Hasadsri L, Hunt GJ, Guzman-Novoa E, et al. (2009) Honey
bee aggression supports a link between gene regulation and behavioral evolution.
Proc Natl Acad Sci USA 106: 15400–15405.
47. Wolschin F, Amdam GV (2007) Plasticity and robustness of protein patterns
during reversible development in the honey bee (Apis mellifera). Anal Bioanal
Chem 389: 1095–1100.
48. Bitterman ME (1975) The comparative analysis of learning. Science 188:
699–709.
49. Golstein P, Aubry L, Levraun JP (2003) Cell-death alternative model organisms:
why and which? Mol Cell Biol 4: 1–10.
50. Nelson FC (1927) Adaptability of young bees under adverse conditions. Am Bee J
67: 242–243.
51. Rothenbuhler WC, Page RE (1989) Genetic variability for temporal polyethism
in colonies consisting of similarly-aged worker honey bees. Apidologie 29:
433–437.
52. Scheiner R, Erber J, Page RE (1999) Tactile learning and the individual
evaluation of the reward in honey bees (Apis mellifera). J Comp Physiol A 185:
1–10.
53. Scheiner R, Page RE, Erber J (2001) The effects of genotype, foraging role, and
sucrose responsiveness on the tactile learning performance of honey bees (Apis
mellifera L.). Neurobiol Learn Mem 76: 138–150.
54. Scheiner R, Page RE, Erber J (2001) Responsiveness to sucrose affects tactile
and olfactory learning in preforaging honey bees of two genetic strains. Behav
Brain Res 120: 67–73.
55. Scheiner R, Page RE, Erber J (2004) Sucrose responsiveness and behavioral
plasticity in honey bee (Apis mellifera). Apidologie 35: 133–142.
56. Scheiner R, Amdam GV (2009) Impaired tactile learning is related to social role
in honeybees. J Exp Biol 212: 994–1002.
57. Salmon AB, Perez VI, Bokov A, Jernigan A, Kim G, et al. (2009) Lack of
methionine sulfoxide reductase A in mice increases sensitivity to oxidative stress
but does not diminish life span. FASEB J 23: 3601–3608.
58. Montgomery DC (1997) Design and Analysis of Experiments, 4th ed. New York:
John Wiley & Sons. 672 p.
59. Nelson CM, Ihle K, Amdam GV, Fondrk MK, Page RE (2007) The gene
vitellogenin has multiple coordinating effects on social organization. PLoS Biol 5:
673–677.
Learning and Stress Resilience
PLoS ONE | www.plosone.org 7 March 2010 | Volume 5 | Issue 3 | e9740